Plastic skull models of seven individual patients were fabricated by stereolithography from three dimensional data based on computed tomography bone images. Skull models were utilized for neurosur gical planning and simulation in the seven patients with cranial base lesions that were difficult to re move. Surgical approaches and areas of craniotomy were evaluated using the fabricated skull models. In preoperative simulations, hand-made models of the tumors, major vessels and nerves were placed in the skull models.
Introduction
Optimal craniotomy or craniectomy for maximal visualization of operative field as well as knowledge of the extent of a lesion and of its relationships with adjacent critical structures is imperative for such complex neurosurgical procedures as cranial base surgery. Progress in computer technology and medi cal image processing techniques has enabled stereoscopic display of anatomical structures from computed imaging data.') Three-dimensional (3D) im aging, which allows image manipulation and surgi cal simulation on screen, or virtual reality surgical simulators will become an indispensable part of neu rosurgical training.',') It is anticipated, however, that the full development of such facilities will take more than a few years. Another option for preoperative simulation is the use of custom-made plastic models of the patient's anatomy. We describe our ex perience with surgical planning and simulation us ing models in cranial base surgery.
Clinical
Materials and Methods 
I. Patients
The clinical features of the seven patients are sum marized in Table 1 . One patient had a jugular fora men chondrosarcoma. Three patients had meningio mas; in the petroclival region, the cavernous sinus, and the foramen magnum, respectively. Two patients had chondromas; one in the parasellar region and the other in the clival region.
One patient had pachymeningitis in the foramen magnum region. 
II. Model manufacturing
Computed tomography (CT) scans of each patient were obtained at a slice thickness of 2 mm, table shift of 2-3 mm/sec, and image intervals of 1 mm with a TCT-900S (Toshiba Co., Tokyo). Continuously acquired CT scans were output to either magnetic tape or a magneto-optical disc for transfer to a workstation for image processing and interpolation. The slice thickness (2 mm) of the CT scans used in this study was larger than the maximum layer inter val (0.4 mm) of the stereolithography system. There fore, to obtain a smoother surface more closely ap proximating the actual anatomy, data interpolation was performed. Scans were linearly interpolated to obtain a 0.2-mm slice interval, followed by binary processing of original CT scans and interpolated scans to delineate only bony tissue.') Then, contour extraction was performed using these binary images to delineate the margins of the bones. The data thus obtained were transferred to the workstation of a stereolithography system. The stereolithographic ap paratus which we used was a photocurable plastic modeling machine, JSC-2000 (D-MEC, Ltd., Tokyo). After the layer is fully drawn, the platform and newly solidified layer are submerged in the liquid and then raised enough to form another 0.2 to 0.4-mm layer of liquid on the previously solidified plastic. The next layer is then traced with a laser and the dipping process repeated. This process allows the solid model to be built up of a succession of layers.5,10 The complex structure of the skull base, which has a hollow portion, can be ac curately reproduced.
III.
Surgical planning and simulation
Surgical approaches and areas of craniotomy were evaluated using the fabricated skull models. In preoperative simulations, hand-made models of the tumors, major vessels and nerves were placed inside the skull models. Skull models were stabilized by a Mayfield head clamp and craniotomy or craniec tomy procedures were performed using actual surgi cal tools. Neuronavigator (Mizuho Co., Tokyo) was used as a navigation system. The accuracy of the navigation system was tested by preoperative appli cation of the system to the skull models. Models of tumors were surgically removed piece by piece un der a microscope. The bone defect was evaluated for reconstruction.
Results
The complex structure of the skull base, which has a hollow portion, could be accurately fabricated using the stereolithography apparatus. Surgery in all seven patients was uneventful with no permanent postoperative neurological deficits. In two patients with meningiomas, which involved major vessels and cranial nerves, safe dissection was so technically difficult that the tumor was only par tially removed in spite of a wide operative field. 
Illustrative Cases
Case 1: A 52-year-old male had left abducens nerve palsy for 13 years. CT showed a partially calcified mass lesion in the left petroclival region. Magnetic resonance (MR) imaging demonstrated a mass lesion with compression of the pons (Fig. 2 left) . A plastic skull model was made and hand-made models of the tumor, the internal carotid artery, and cranial nerves III, V, and VI were placed inside. The surgi cal approach was evaluated using a fabricated skull model. An anterior transpetrosal approach was selected. In simulation, the skull model was stabi lized with a Mayfield head clamp and the craniec tomy site and the orientation of the tumor were checked by the navigation system. Craniotomy and craniectomy were performed and the model of the tumor was surgically removed piece by piece both above and below the cranial nerve V (Fig. 2 right) . Case 2: A 65-year-old male had occipital headaches and tingling sensations in both hands for 6 months. CT showed a mass lesion in the foramen magnum. MR imaging demonstrated a large mass lesion on the ventral side of the foramen magnum displacing the medulla posterolaterally and involving the left vertebral artery (Fig. 3 left) . Angiography demon strated a mass lesion of sun-burst neovascularity fed by the anterior meningeal artery and the ascending pharyngeal artery. A plastic skull model was made and hand-made models of the tumor, the vertebral ar teries, the sigmoid sinus, the brain stem, and the cerebellum were positioned inside. The extent of bone removal required was evaluated using the model. A left lateral suboccipital craniectomy with C-1 laminectomy was performed. Removal of the bone of the condylar fossa and the posteromedial one third of the occipital condyle was adequate for removal of the tumor (Fig. 3 center, right) .
The tumor was removed through a transcondylar approach.
The tumor was firm and vascularized. Although the operative field was wide, it was difficult to dissect the tumor tissue safely from the lower cranial nerves and the major vessels. The tumor was removed only to the extent required to al low decompression of the brain stem. The postopera tive course was uneventful except for subcutaneous fluid collection, which was subsequently treated by a ventriculoperitoneal shunt. Case 3: A 40-year-old male had right facial nerve palsy for 3 years. CT showed enlargement of the right jugular foramen and calcification.
T2-weighted MR imaging demonstrated a hyperintense dumbbell shaped mass lesion and displacement of the internal carotid artery. A plastic skull model was made and hand-made models of the tumor and the internal carotid artery were positioned. The surgical ap proach was evaluated using the skull model. A later al suboccipital and infralabyrinthine approach was chosen. In simulation, craniectomy was performed and the model of the tumor was surgically removed piece by piece under a microscope.
The bone defect was measured for reconstruction.
At surgery, a craniectomy was performed. The tumor and associated bone destruction were seen ex actly as modeled in the simulation. 
Discussion
Stereolithography is a recently developed construc tive process for the manufacture layer-by-layer of plastic models using an ultraviolet laser to catalyze the polymerization of a liquid plastic solution.8'10) By avoiding the tool path problems inherent in conven tional computer-aided milling devices, stereo lithography allows full details to be built into com plex structures.10,12) This technology allows for reproduction of exact anatomic models that detail in ternal as well as external anatomy. A computer-aid ed design (CAD) system is employed to create ob jects as mathematical constructs and render them for display on a CAD computer as either wire-frame drawings or surface-shaded solids.") Improvements in image study and CAD in recent years have greatly increased the accuracy of plastic skull models.') Intraoperative use of navigation systems is also helpful, but the guidance of navigation sys tems cannot be relied on exclusively since such sys tems do not provide warnings of possible malfunc tions."') Simulations using models and navigation systems facilitate difficult skull base surgery and can reduce surgical complications.
The other advan tages of using skull models include an increased un derstanding by the patient and family and improved educational experiences for residents and other med ical staff.
The disadvantages of using skull models include the time and cost of making the models. Further more, hand-made models of the tumors, major ves sels and nerves placed inside the skull models may not provide exact reproductions. Current 3D MR im aging of intracranial structures with 3D computed imaging of the skull may be superior to hand-made models inside the skull model if used only for obser vation. For surgical simulation, however, skull models are considered superior to currently availa ble computer-generated screen images; once skull models are made, they provide a more realistic tool that is easier to handle than computer graphics. Use of these models may be a transitional stage until the capabilities of computers are significantly expand ed. Advances in computer hardware and software could lead to new surgical simulation techniques that are even more similar to the actual surgical procedure.
